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PREFACE 


T 


The  European  GARTEUR  organization  initiated,  a  few  years  ago,  a  cooperative 
programme  in  order  to  obtain  an  understanding  of  the  effects  of  the  walls  of  a  wind  tunnel 
on  the  behaviour  of  dynamic  models  used  for  the  flutter  certification  of  aircraft. 

Tests  have  been  completed  by  the  same  team,  on  the  same  model,  in  four  European  wind 
tunnels  and  the  results,  collected  in  the  same  form,  have  been  thoroughly  analyzed.  The 
output  of  the  cooperative  programme  and  the  practical  conclusions  that  came  to  light  seemed 
so  important  that  the  Sub-Committee  on  Aeroelasticity  of  the  Structures  and  Materials  Panel 
proposed  that  a  presentation  should  be  made  to  an  AGARD  audience. 

The  report  describes  the  experiments  and  presents  the  most  important  results;  it  is 
thought  to  be  valuable  to  all  the  NATO  community. 


G.COUPRY 

Chairman,  Sub-Committee 
on  Aeroelasticity 
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PRESSURES  ON  AN  OSCILLATING  MODEL  (THE  NORA  EXPERIMENTS)* 
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R  Destuynder(ONERA) 
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SUMMARY  October  I'j'i-j 

r  To  obtain  experience  of  the  influence  of  tunnel  wall  interference  on  flutter  and 
other  unsteady  tests  in  transonic  wind  tunnels,  a  programme  of  oscillatory  pressure- 
measurements  was  repeated  in  four  tunnels -namely 

>—  ‘  3ft  RAE  Bedford l  >  jjp  ONERA  Modane ,  .»  .  4 

'  -1M  DFVLR  Gottingen,  HST  NLR  Amsterdam. 

of  working  section,  their  cross-section  areas  ranging 
they  also  differ  in  the  form  of  wall  ventilation. 

I  ‘  ct  ILLS 

In  each  tunnel,  small  amplitude~trfVmonic  oscillations  were  applied  to  the  same 
rigid  half-model  of  a  low  aspect  ratio  lifting  surface,  and  chordwise  distributions  of 
the  fundamental  components  of  the  oscillatory  pressures  were  measured.  Measurements  were 
also  made  of  the  steady  pressure  distributions  for  the  mean  position  about  which  the 
oscillations  occurred.  Some  measurements  were  also  made  of  the  oscillatory  pressures  at 
a  wall  of  each  tunnel.  ■>  , 

,  *  -  • 

Stream  Mach  number  was  varied  between  0.60  and  1.10,  and  the  mean  steady  incidence 
of  the  model  from  0^  to  Tests  were  made  for  three  fru  ruenc ies  of  oscillation,  cne 

lowest,  5Hz,  being  regarded  as  a  quasi-steady  variation,  the  others,  40Hz  and  60H.:, 
giving  values  of  frequency  parameter,  based  on  mean  chord,  between  0.3  and  0.8  depending 
on  Mach  number. 


These  tunnels  differ  in  the  size 
from  approximately  0.6  to  3 . 2(trp 


In  relation  to  normal  practice,  two  of  the  tunnels  were  large  compared  to  the  model. 
They  gave  results  in  general  agreement  thus  suggesting  that  for  these  no  •rluus  inter¬ 
ference  effects  occurred.  Results  from  the  two  smaller  tunnels  provide  examples  of 
interference  effects  caused  either  by  the  tunnel-to-model  size  ratio  being  too  small  or 
by  unsuitable  wall  ventilation  characteristics.  It  is  shown  that  the  interference  effects 
become  more  severe  in  the  presence  of  mixed  flow  with  shock  waves  at  the  model  surface  and 
when  the  model  is  at  incidence  developing  steady  lift. 

‘-'The  results  of  the  comparisons,  whilst  unable  on  their  own  to  lead  to  rules  regarding 
acceptable  model-to-tunnel  size  ratios,  tend  to  confirm  current  procedure. in  this  respect. 
They  do,  however,  draw  attention  to  a  possible  defect  in  the  practice  of  mounting  a  half¬ 
model  at  a  tunnel  wall  that  is  itself  ventilated.-..' 


Separate  from  the  subject  of  interference,  the  results  from  the  larger  tunnels  form  a 
collection  of  data,  well-authenticated  by  the  comparisons,  which  is  useful  to  the  general 
understanding  of  unsteady  transonic  conditions. 


LIST  OF  SYMBOLS 

b  width  of  tunnel  working  section  m” 

c  local  chord  M 


m"q  L '  (see  section  14.7) 
stream  Mach  number 


c 


mean  chord 


M^  local  Mach  number  at  model  surface 


f  oscillation  frequency,  (Hz) 

h  height  of  tunnel  working  section 

I,  I(X)  normalised  imaginary  component 

of  oscillatory  pressure,  its 
chordwise  distribution  (see 
section  9) 

in  .  , 

L,  L  normalised  real  and  imaginary 

components  of  oscillatory 
local  lift  (see  section  9) 


Mod,  Mod(X)  normalised  modulus  of  oscillatory 
pressure,  its  chordwise  distri¬ 
bution  (see  section  9) 

p  steady  pressure 

p',  p"  real  and  imaginary  components  of 

oscillatory  pressure 

P  amplitude  of  oscillatory  pressure  at 

tunnel  wall 


f  , 

M,  M  normalised  real  and  imaginary 
components  of  oscillatory 
local  pitching  moment  (see 
section  9) 

M"n  j.  M"  referred  to  local  mid  chord 
(see  section  14.7) 


Pt  tunnel  total  pressure 

R,  R(X)  normalised  real  component  of 

oscillatory  pressure,  its  chordwise 
distribution  (see  section  >) 

s  model  span  (root  to  tip) 


•The  letters  of  the  acronym  NORA  reTer  to  the  names  of  the  organisations  involved: 
ONERA,  RAE  and  AVA  (a  branch  of  DFVLR). 


NLR, 


iA 


V 


stream  velocity 


e 


phase  angle  of  oscillatory  local 
lift  (see  section  14.7) 


x  distance  along  chord  from  local 

leading  edge 

X  x/e  ehurdwise  position 

X*  ehurdwise  position  of  real 

component  of  local  lift 
(see  section  14.7) 

a  angle  of  incidence  of  model 

PhEFA-'E 

Tne  setting  for  the  experiments  wa„  so  unusual  as  to  call  for  comment.  The  worx 
was  done  under  tne  auspices  of  tne  Jroup  for  Aeronautical  Research  and  Technology 
in  hurdle  .iAHTEur).  It  depended  on  Very  close  co u latorat ion  at  working  level 
t etwee:,  mend  ers  f  the  four  ivur van  •  -rgan :  -  ations  and  made  use  of  a  tra.nsportat  le 
measuring  package  mase-u;  .  f  vur  i*  'us  iy  -  wn—u  ;  ieces  ol  c  q  u  i ;  me.nt.  A, so  it  is 
necessary  to  make  clear  that  tne  authors  of  this  document,  whose  main  concern 
nas  teen  the  ext  erimental  programme  ar.d  the  interpretation  of  the  results,  were 
Wholly  ue,  undent  on  tne  w o : V.  >f 

r  Lope.:  ( JNEEA)  i:  .'tange  (LEVER)  and  b  L  Welsh  (KAE) 

wno  formed  a  t  ravel u  li.g  internatioi.ai  team  and  were  responsible  for  installing 
and  operating  the  measuring  and  data  processing  e juipment  in  all  the  tests.  For 
each  Individual  Lunnoi-enti-y  severs i  ; ersons  from  the  host  organisation  played 
vital  r o  1  e s  ;  acxn  x * e u gem e i . t  c  t  j  them  are  more  a;;  ropriately  left  to  a  later 
section  •:  f  this  report. 


0  amplitude  of  model  oscillation 

1  (see  section  ') ) 

$,  $(X)  pliase  angle  of  oscillatory  pressure, 
its  chordwise  distribution  (see 
section  '} )  . 


I  INTRODUCTION 

Testing  in  wind  tunnels  plays  an  important  part  ir.  flutter  prediction  and  prevention, 
particularly  in  the  transonic  region  -  the  flow  region  of  greatest  uncertainty;  it  will 
continue  to  do  so  at  least  until  theoretical  prediction  of  unsteady  aerodynamics  is 
completely  reliable.  Furthermore,  model  testing  is  the  only  method  available  to  the  aoro- 
olastieian  for  gaining  experience  of  actual  fluttering  conditions.  The  ability  of  wind 
tunnels  to  reproduce  the  proper  aerodynamic  conditions  of  a  free  atmosphere  and  the 
avoidance  of  large  wind-tunnel  interference  effects  are  therefore  of  great  importance.  The 
maximum  allowable  model  sice  and  the  validity  of  measurements  obtained  close  to  sonic  speed 
Loth  are  questions  that  remain  to  be  answered. 

Trie  importance  of  interference  causes  by  the  ventilated  walls  of  transonic  tunnels 
nas  been  far  from  clear,  over  a  decade  ago,  the  discovery  that  aerodynamic  damping  was 
sensitive  to  the  amount  of  ventilation*  led  to  a  spate  of  experiments  and  theoretical  work 
aimed  at  establishing  trie  must  appropriate  porosity  conditions  for  avoiding  these  large 
effects-'*!.  A  little  later  fears  of  unreliable  results  from  transonic  tunnels  were  some- 
wnat  allayed  wnen  experiments  made  at  the  NLh  produced  virtually  the  same  unsteady  pressures 
or.  a  model  oscillating  in  two  tunnels  having  quite  different  shapes  and  sizes14.  On  the 
other  hand,  more  recently  work  by  NAHA ,  ONEHA  and  Boeing'-’  snowed  that  appreciable  interfer¬ 
ence  effects  could  occur  on  transonic  flutter,  and  again  brought  to  the  fore  the  effects  of 
wail  porosity.  It  was  against  this  background  that  the  present  experiments  were  planned. 

Essentially  the  NORA  experiments  have  consisted  of  testing  one  and  the  same  model  in 
four  transonic  tunnels  of  different  sizes  and  having  different  wail  configurations,  the 
objective  being  to  gain  further  Knowledge  of  the  effects  of  tunnel  interference  on  oscilla¬ 
tory  measurements  and  thus  indirectly  with  regard  to  flutter  testing.  Unlike  previous 
investigations  of  unsteady  interference,  the  tests  have  included  transonic  conditions  in 
which  the  model  is  developing  steady  lift.  As  well  as  fulfilling  the  primary  purpose  of 
making  comparisons  between  the  tunnels,  the  experiments  have  yielded  useful  knowledge  about 
oscillatory  pressure  distributions  under  a  variety  of  aerodynamic  conditions. 

c  THE  EXPERIMENTS  IN  OUTLINE 

The  experiments  were  made  with  a  single  model  representing  a  realistic  transonic 
conf igurat ion  and  of  size  somewhat-  "too  large"  for  the  smallest,  and  rather  "too  small"  for 
the  largest  tunnel;  it  was  oscillated  as  a  rigid  body  and  oscillatory  pressure  distribu¬ 
tions  were  measured  at  two  spanwiso  positions  for  a  range  of  aerodynamic  conditions.  The 
unsteady  measurements  were  always  obtained  with  the  same  equipment  and  moreover  they  were 
always  made  by  the  same  NOHA  team.  Consideration  was  given  to  matching  in  the  various 
tunnels  the  corresponding  mean  steady  flow  conditions  about  which  the  model  was  oscillated 
and  for  whieti  the  oscillatory  comparisons  were  made. 

i  the  tunnel:; 

"he  tunnels  are  those  normally  used  by  the  participating  organisations  for  their 
oscillatory  and  flutter  tests.  They  are: 


3 


1 


3Ft 

HAE  Bedford 

(UK) 

1M 

DFVLH  Gottingen 

(Germany) 

S2 

ONERA  Modane 

( France ) 

HST 

NLK  Amsterdam 

( Netherlands ) 

The  principal  dimensions  and  characteristics  of  their  working  sections  are  shown  in  Fig  1. 
Two  of  the  tunnels  have  slotted  walls  and  two  have  walls  perforated  by  inclined  holes. 

It  should  be  noted  tnat  for  the  latter,  the  open  area  ratios  are  based  on  the  total  area 
of  holes  measured  perpendicular  to  the  axis  of  the  holes.  Also  it  should  be  noted  that  the 
3 ft  tunnel  has  a  working-section  height  considerably  less  than  its  name  implies.  The  sub¬ 
sequent  paragraphs  provide  more  details  of  the  working  sections  and  wall  ventilations. 

3ft  Tunnel 


The  ventilation  consists  of  four  slots  and  two  half  slots  in  the  corners  in 

both  roof  and  floor.  The  slots  are  covered  by  perforated  metal  plates  in  the  plenum 

chambers  which  by  normal  standards  are  shallow. 

1M  Tunnel 

All  four  boundaries  are  perforated  by  holes,  10mm  dia,  drilled  at  60°  to  the 
normal  to  the  surface.  The  holes  are  in  rows  inclined  at  16.1°  to  the  stream 

direction,  so  that  only  every  fifth  hole  is  in  line.  For  the  tests  in  this  tunnel 

the  model  was  mounted  at  a  small  solid  panel  set  in  an  otherwise  perforated  wall. 

Fig  <2.  That  was  the  usual  condition  for  the  tests,  but  a  few  comparisons  were  made 
with  the  perforations  at  this  wall  covered  on  the  flow  side  by  a  thin  membrane. 

This  condition  will  be  denoted  as  "closed  side  wall"  (CSW).  Measurements  of  the 
boundary  layer  at  this  side-wall  were  made  in  the  empty  tunnel  for  both  conditions. 
There  was  some  variation  in  the  shape  parameter  but  little  change  in  the  boundary 
layer  thickness. 

S2  Tunnel 


Ventilation  is  provided  by  perforations  in  the  roof  and  floor  drilled  at  60° 
to  the  normal.  Behind  eacli  perforated  wall  is  another  perforated  sheet  which  when 
slid  along  the  wall  produces  an  effective  change  in  the  wall  porosity  from  1!?  to  6% 
In  normal  use  the  equivalent  porosity  is  set  according  to  Mach  number  as  follows: 


M 


Porosity 


0.60,  0.80  1 % 

0.90,  0.99  (>% 

1.10  1% 


Most  of  the  measurements  in  this  tunnel  were  obtained  with  these  values  of  porosity, 
but  some  comparative  tests  were  made  to  determine  the  effect  of  changes  between  the 
maximum  and  minimum  values. 


HS  Tunnel 


Both  roof  and  floor  consist  of  five  slats  separated  from  one  another  by  four 

slots  and  from  the  solid  side  walls  by  half  slots. 

4  THE  MODEL 

A  model  already  in  existence  was  modified  for  the  investigation.  The  planform  is 
shown  in  Fig  3  and  additional  numerical  details  are  given  in  Table  1.  It  has  a  thickness- 
to-chord  ratio  of  approximately  5%  and  a  section  based  on  a  symmetrical  aerofoil  in  the 
NACA  66  series  but  with  a  small  updroop  near  the  nose;  it  represents  a  horizontal  tail 
surface.  The  model-to-tunnel  dimension  ratios  are  given  in  Table  2.  The  model  had  been 
constructed  from  aluminium  alloy  as  an  internal  framework  covered  with  top  and  bottom  skins. 

It  was  supported  by  a  shaft  in  two  bearings  and  was  oscillated  as  a  rigid  body  about  a  swept 

axis  by  a  hydraulic  rotary  actuator  producing  pure  torque  and  giving  amplitudes  up  to  1° 
depending  on  frequency.  For  most  of  the  tests  an  amplitude  of  0.5°  was  chosen.  The  lowest 
natural  frequency  cf  the  mechanical  system  was  torsion  of  the  shaft  at  about  100Hz.  In 
every  tunnel  the  model  was  mounted  so  that  its  root  was  just  clear  of  the  tunnel  side  wall 
with  a  small  fairing  to  cover  the  aperture,  Fig  4a.  Following  a  common  practice  of  half¬ 
model  testing,  in  each  tunnel  the  wall  at  which  the  model  was  mounted  was  required  to  act 
as  a  reflection  wall.  Oscillatory  pressures  were  measured  at  two  spanwise  positions. 
Sections  2  and  4  (Fig  3),  by  Kulite  transducers  installed  inside  the  model  and  connected  by 

short  lengths  of  tubing  to  pressure  orifices  in  plugs  set  into  the  surfaces.  Steady  pres¬ 

sures  were  measured  throughout  all  the  experiments  at  Sections  1,  3  and  5,  and  in  the  more 
recent  tests  also  at  Sections  0  and  6.  Pressures  were  measured  at  both  "upper"  and  "lower" 
surfaces  which,  to  avoid  any  ambiguity  consequent  on  the  model  inversion  necessary  in  some 
of  the  tunnels,  are  identified  as  E  (extrados)  and  I  (intrados)  respectively,  the  extrados 
being  the  surface  that  experienced  the  greater  suction  when  incidence  was  increased.  The 
positions  of  the  pressure  holes  are  listed  in  Table  3. 

Transition  bands  were  glued  to  the  extrados  and  intrados  at  'if  chord.  These  consisted 
of  metal  tapes  with  castellations  about  0.09mm  high.  However,  tests  made  in  the  HST  with 
the  bands  removed  showed  they  had  negligible  influence  on  the  results. 
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Six  accelerometers  distributed  in  the  model  were  used  to  determine  the  dynamic 
deformation  of  the  model  during  each  test. 

5  INSTRUMENTATION 

Apart  from  the  pressure  transducers  and  accelerometers  installed  in  the  model,  the 
main  instrumentation  making  up  the  measurement  package,  Pig  4b ,  comprised  a  servo-loop  to 
drive  the  hydraulic  actuator  and  a  system  to  analyse  the  transducer  signals  into  real  and 
imaginary  Fourier  fundamental  components,  respectively  in-phase  and  in-quadrature  with 
the  model  displacement.  The  actuator  controlled  the  mean  incidence  as  well  as  oscillating 
the  model.  A  potentiometer  attached  to  the  model  drive  shaft  was  used  to  measure  the  mean 
incidence  and  the  oscillatory  motion;  it  also  provided  a  phase  reference  for  the  pressure 
and  accelerometer  signals.  To  avoid  the  possibility  of  differences  coming  from  the  instru¬ 
mentation,  in  every  tunnel  the  signals  were  processed  by  the  same  equipment  up  to  the  stage 
of  producing  steady  voltages  representing  the  real  and  imaginary  components.  In  each  set 
of  tunnel  experiments  these  voltages  were  fed  to  a  suitable  "local"  computer  for  processing 
and  visual  presentation.  The  storage  of  the  processed  data  on  disc  allowed  immediate 
on-line  comparisons  to  be  made  with  the  results  from  previous  tests  in  the  other  tunnels. 

The  calibration  of  the  instrumentation  was  made  as  a  matter  of  routine  during  the 
course  of  each  tunnel  experiment. 

6  MEASUREMENT  PHASES 

The  main  measurements  in  all  the  tunnels  consisted  of  oscillatory  and  steady  pressures 
on  the  model.  In  some  of  the  tests  oscillatory  pressures  were  also  measured  at  a  rail 
attached  to  either  roof  or  floor  whichever  was  nearest  to  the  model's  extrados  (see  Fig  4a). 
The  tunnels  were  occupied  in  a  series  of  Phases: 

Phase  Tunnel  Date 


1 

3Ft 

Jan 

77 

2 

S.'1 

May 

77 

3 

3Ft 

Sept 

77 

4 

1M 

Jan 

78 

5 

HST 

Aug 

78 

6 

S2 

Apr 

78 

The  purpose  of  the  preliminary  first  phase  was  to  check  the  assembly  of  the  components 
ar.d  the  working  of  the  system  and  to  provide  measurements  which,  when  compared  to  those  of 
Pnase  3  in  the  same  tunnel,  tested  repeatability. 

It  was  originally  intended  that  once  the  transducers  had  been  installed  and  the  skins 
of  the  model  put  in  place,  the  model  should  remain  intact  throughout  the  comparisons. 

However,  instrumentation  failures  in  the  early  stages  led  to  the  model  being  opened  and  its 
surface  re-smoothed  on  several  occasions;  but  from  Phase  4  onwards  no  further  failures 
occurred  and  the  model  remained  intact.  A  number  of  key  conditions  in  the  S2  tunnel  were 
repeated  in  Phase  b,  which  chronologically  preceded  Phase  3-  These,  unlike  the  original 
measurements  in  S2  ,  suffered  no  instrumentation  failures  and,  for  the  sake  of  consistency, 
the  only  results  from  S2  that  are  compared  with  another  tunnel  are  those  obtained  in  Phase  6. 

Unfortunately,  the  experimental  scatter  in  the  3Ft  results  is  somewhat  greater  than 
for  the  other  tunnels,  and  for  this  tunnel,  because  of  failures,  unsteady  pressures  were  not 
obtained  at  all  the  chordwise  positions. 

7  RANGE  OF  PARAMETERS 

The  general  ranges  of  tunnel  Mach  number  and  model  incidence  covered  in  the  tests  were: 

0.6  4  M  4  1.10 

0  404  5.5° 

The  standard  frequencies  were  5,  40  and  60Hz,  the  results  for  5Hz  being  regarded  as  repres¬ 
entative  of  quasi-steady  conditions.  Values  of  frequency  parameter,  based  on  mean  chord, 
corresponding  to  these  frequencies  are  given  in  Table  4.  Tunnel  total  pressure,  pL  was 
either  u . 9U ,  0.60  or  0.4b  bar  chosen  for  each  (M,  a)  combination  with  regard  to  the  load  on 
the  model;  but  as  far  as  possible  the  values  of  total  pressure  remained  the  same  between 
the  different  tunnels. 

On  various  occasions  during  different  tunnel  phases,  ancillary  tests  were  made  to 
check  repeatability,  amplitude  linearity,  and  the  influence  of  sampling  time.  From  these 
we  conclude  that  the  main  test  results  are  not  invalidated  by  such  extraneous  effects. 

8  MODEL  MOTION 

If  the  model  and  its  mounting  had  been  perfectly  rigid,  the  imposed  sinusoidal  oscil¬ 
lation  would  have  been  pure  rotation  about  the  design  axis  as  shown  in  i  ig  3 •  Because  of 
flexibility,  the  model  motion  differed  from  this  ideal,  the  differences  depending  on  the 
frequency  of  oscillation  and  the  aerodynamic  loadings.  Also,  in  principle,  the  precise 
model  motion  depended  on  the  rigidity  of  the  tunnel  mountings;  thus  it  was  important  to 
ensure  that  there  were  no  large  variations  in  the  actual  model  motion  between  the  different 
tunnels.  In  all  the  tests,  the  motion  was  monitored  by  the  accelerometers  mounted  in  the 


i 
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model.  For  40 hz  in  stiil  air  a  nodal  line  lay  cluae  to  the  design  axis,  but  when  the  Model 
was  loaded  by  the  oscillatory  aerodynamic  forces  the  line  bent  towards  the  rear  of  the  model 
as  shown  in  Fig  a,  and  the  magnitude  of  the  angular  motion  increased  slightly  along  the  span. 
Tue  general  conclusion  from  all  measurements  was  that  for  401iz  there  were  no  serious  tunnel- 
to-tunnel  differences  in  the  motion. 

Increasing  the  oscillation  frequency  to  60Hz  led  to  greater  divergencies  from  the 
design  axis  (Fig  b),  and  more  importantly  to  some  differences  between  the  various  tunnels. 

However,  some  calculations  made  using  the  doublet  lattice  method  suggest  that  the 
unsteady  pressure  distributions  should  not  be  too  sensitive  at  40Hz  and  60Hz  to  the  differ¬ 
ences  in  the  nodal  line  positions,  nevertheless  a  general  conclusion  is  that  whereas  the 
40Hz  results  can  be  considered  to  be  quantitatively  correct,  those  for  60Hz  should  be 
regarded  as  more  qualitative  in  nature. 

9  NON-DIMENSIONAL  QUANTITIES 

From  the  measured  quantities 
p  steady  pressure 

p'  oscillatory  pressure  in  phase  with  model  displacement 
p"  oscillatory  pressure  in  quadrature  with  model  displacement 
Pt  tunnel  total  pressure 

9^  amplitude  of  model  angular  motion  measured  in  a  fore-and-aft  plane, 
the  data  processors  produced  the  following  non-dimensional  quantities  which  are  usea 
throughout  the  comparisons. 

Steady  Flow 

,  local  Mach  number  at  the  model  as  deduced  from  the  measured  steady  pressures 
using  the  isentropic  relation. 

Oscillatory  Pressure 

R  and  I,  normalised  real  and  imaginary  pressure  components,  where 
R  =  -p'/(pt  9-^ )  rad-1  ,  I  =  -p"/(pt  6^ )  rad-1 

Mod  and  $,  modulus  and  phase  angle  of  pressure,  where 
Mod  =  (R2  +  I2)*  ,  =  tan-1  I/R 

Chordwise  Position 

X  =  x/c,  where  x  is  distance  from  the  local  leading-edge  and  c  the  local  chord. 

The  unusual  form  of  the  non-dimensional  pressures  calls  for  an  explanation.  It  will 
be  noted  that  the  quantities  Ml  and  R  and  I  require  only  one  measurement  relating  to  tunnel 
flow,  namely  tunnel  total  pressure,  in  addition  to  the  pressure  measurements  made  at  the 
model.  They  do  not  depend  on  knowledge  of  tunnel  Mach  number  or  of  dynamic  pressure  and 
thus  do  not  invoke  the  flow  calibration  of  the  tunnel.  They  are  equally  suitable  whether 
the  comparison  of  oscillatory  pressures  is  made  for  identical  tunnel  Mach  numbers,  or  for 
matched  steady  flow  conditions  at  the  model  surface  (ie  same  Ml)  but  different  tunnel  Mach 
numbers. 


Usually  it  is  the  chordwise  distributions  R(X)  and  I(X)  that  are  compared  one  tunnel 
with  another,  but  sometimes  comparisons  of  the  distributions  of  Mod(X)  and  <f> ( X )  are  prefer¬ 
able.  It  may  be  noted  that  R(X)  and  Mod(X)  are  steady-based  quantities  since  they  have 
significance  for  changes  of  steady  incidence.  On  the  other  hand,  I(X)  and  $(X)  are  essen¬ 
tially  unsteady  quantities. 


As  a  matter  of  routine  during  the  data  processing,  the  steady  and  oscillatory 
pressures  were  integrated  across  the  chord  to  give  local  lift  (strictly  normal  force)  and 
moment  about  the  local  leading  edge.  The  integrated  quantities  thus  made  available  for 
comparison  are: 


Steady  Section  Lift  and  Moment 

Lift 


Moment 


ft 


-  PE)/Ptjdx 

-  PE)/Pt  X  dX 


where  I  and  E  refer  to.  intrados  and  extrados  respectively. 


Oscillatory  Chordal  Lift  and  Moment  (separate  contributions  from  extrados  and  intrados) 

~  -  r 


M 


iM 


i: 


(R  +  il)  dX 
(R  +  il)  .  X  dX 


A  very 


isimi-ie  r.araericul  ^rocc*durt?  waj  used  fur  the  integral io/.;j ;  the  results  onouid  te 
regal1' jt;j  as  weighted  means  of  the  pressure  rather  than  accurate  values  of  lift  and  moment. 

lav  .  h'.i-r  i^antities  that  feature  in  the  presentations  are: 

.1  ,  mean  incidence  of  model  measured  as  tne  angie  tetweer.  tne  horizontal  and  - 

u.-* del  datum,  the  surface  of  the  mounting  Hock  ihtegrax  with  the  root  of  the 

"-del  (deg), 

,  free-stream  Mucn  number;  either  a  nominal  value  or  a  precise  reading  provided 
Lj  tne  nontax  tunnel  instrumentation, 

f  ,  -  s c  i  .  1  at  i  on  f re  juenc y  ,  ( ii:: )  . 

l:.e  c  . nve.nt  1  -  n;.n  no:.- -dimens  ionai  ^ua.ntities  O' , ,  C\ "  ,  referred  to  free  stream  dynamic 

;  r  v  s  s «« i*e  ; ,  can  o  e  cc  re  a  d  i  y  —  o  t  a  t :  .ed  o  j  :r*u  1 1  i ;  ay  i  r  «g  r\  ,  a  i  .  ci  1  t  y  tne  vj  .  uv  o ;  p  1 /  i 

a;:  I’-pi'iate  n  tne  particular  Mucn  numoer. 

..  ..  h  *  z.r.i.  i  r  ...  _  t*  .  w  nr.  hr.— 

Tne  jistribut Lena  of  ijca-i.  ".a  jn  number,  over  tne  upper  surface  of  the  as 

jej.i'vj  from  tne  steauy  pressure  measurements  ii.  the  iiCV  are  snow:.  ii.  Figs  •-  ,  7,  a:. a  ::  for 
M  -  o  .  "  j  ,  u.  jo  unu  .  o'.  • 

When  trie  incidence  is  near  to  .:t-ro,  fur  aii  M,  there  is  a  small  region  of  nig:,  auction 
and  a  recompression  situated  diode  to  tne  leading  edge.  With  increase  of  incidence,  for 
each  sutsonia  M  tne  high  suction  region  extends  backwards  over  the  cnord  ar.d  is  terminated 
ty  a  steep  pressure  gradient  -  tne  forward  re-compress  ion .  For  higher  subsonic  X  this  is 
followed  by  anctner  expansion  region,  which  for  M  s  0 .  is  terminated  by  a  shoe/,  wave  t no- 
rear  shock,  in  tne  vicinity  of  mid— Chora.  The  three-dimensional  nature  of  the  flow  when 
tr»e  model  is  at  incidence  can  be  seen  in  tne  isomachs  of  b  ig  y. 

Wr.ereas  there  is  no  uoutt  about  the  existence  of  the  rear  shock,  the  exact  nature  of 

the  flow  over  tne  more  forward  ;  art  of  tne  chord  is  not  absolutely  clear.  Although  for  some 

,f  the  test  conditions  tne  local  Mach  numbers  in  this  forward  region  are  supersonic,  it  is 
not  obvious  that  the  forward  recomp ression  involves  a  shock  wave.  Certainly  there  is  .no 
possibility  of  a  shock  wave  for  M  =  Q.cO  even  at  trio  highest  incidence.  It  is  therefore 
important  to  .note  that  the  general  snaps  of  the  forward  recompressior.  remains  essentially 
tne  same  as  .”  is  increased  up  to  its  highest  subsonic  value  K  =  O.yo.  Furthermore,  tne  nign 
angle  of  sweepback  of  trie  isomaens  in  trie  forward  reccmpression  region  as  seen  in  Fig  >, 
suggests  that  a  shock  wave  will  not  be  present.  Instead  it  is  probable  that  for  much  of 

tne  incidence  rar.ge  and  for  all  subsonic  Mach  numbers,  a  leading  edge  separation  vertex 

extends  across  trie  upper  surface. 

In  the  descriptions  of  the  oscillatory  distributions  to  follow  we  shall  maxe  reference 
to  two  main  features  of  the  upper  surface  flow  namely,  the  forward  recompression  arid  tne 
rear  shock.  Also  it  will  be  necessary  to  recognise  the  highly  three-dimensional  nature  of 
tne  flow  when  the  incidence  of  the  model  is  increased. 

ii  GENERAL  DESCRIPTION  OF  OSCILLATORY  PRESSURE  DISTRIBUTIONS 

Before  coming  to  the  tunnel-to-tunnel  comparisons  it  will  be  helpful  to  identify  some- 
of  the  main  features  of  the  oscillatory  pressure  distributions  that  are,  in  some  respects, 
common  to  all  the  tunnels.  Also,  it  is  necessary  to  examine  the  sensitivity  of  certain  of 
these  features  to  the  parameters,  incidence  and  Mach  number;  for  without  knowledge  of  these 
sensitivities,  a  mere  comparison  between  tunnels  could  be  misleading  or  meaningless.  Later 
we  shall  return  to  a  more  detailed  discussion  of  some  of  the  features  when  we  have  seen 
the  varied  results  from  the  different  tunnels. 

For  a  general  description,  it  is  most  convenient  to  use  only  the  results  from  one  of 
the  large  tunnels,  the  H3T,  in  which  the  parameter  coverage  was  most  extensive.  But  it 
should  be  noted  here,  and  will  be  demonstrated  later,  that  there  are  no  large  differences 
between  this  tunnel  and  S2 ,  the  other  large  one,  with  regard  to  the  shapes  of  the  oscilla¬ 
tory  distributions. 

11.1  Influence  of  Oscillation  Frequency  and  Stream  Mach  Number  for  Zero  Steady  Lift 

For  non-lifting  conditions  the  general  shapes  of  the  oscillatory  pressure  distribu¬ 
tions  at  Sections  2  and  4  were  similar.  Fig  10  shows  for  a  tunnel  Mach  number  M  =  0.80 
the  results  from  the  upper  surface  for  oscillation  frequencies  5Hz,  40Hz  and  60Hs.  The 
irregularity  seen  in  each  of  the  distributions  at  2.555  chord  should  be  noted  as  it  was 
common  to  all  the  tunnels  and  was  present  in  many  other  cases  for  incidences  near  to  zero, 
it  is  probably  due  to  a  small  separation  bubble  close  to  the  leading  edge.  Disregarding 
these  irregularities,  we  note  that  the  chordwise  distributions  K(X)  and  I(X)  for  the  higher 
frequencies  bear  a  resemblance  to  the  classical  distributions  of  subsonic  thin-wing  theory. 
Both  R(X)  and  I(X)  have  forward  peaks  (respectively  in  the  positive  and  negative  senses) 
close  to  the  leading  edge;  for  40Hz  and  60Hz  the  phase  angle  $  varies  almost  linearly 
across  the  chord  from  a  lag  at  the  leading  edge  to  a  lead  at  the  trailing  edge.  In  this 
example  for  M  =  0.80,  the  effect  of  an  increase  in  frequency  is  as  expected.  The  real 
component  R(X)  is  hardly  changed  and  the  main  effect  is  to  increase  the  magnitude  of  Hie 
imaginary  component  I(X)  and  thereby  the  modulus  Mod(X)  and  the  phase  $(X). 
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significant  effects  on  R(X) .  For  Section  2E  the  forward  peak  is  reduced  whilst  the  rear 
peak  is  moved  rearward  and  its  height  is  increased.  With  regard  to  these  changes  in  the 
rear  peak,  for  this  particular  case  at  least,  the  effect  of  increasing  frequency  is 
remarkably  similar  to  the  effect  of  increasing  Mach  number.  Thus  starting  from  the 
condition  M  -  0.9,  f  =  40Hz  the  effect  of  changing  frequency  to  60Hz  (Fig  17a)  is  similar 
to  effect  of  changing  Mach  number  to  0.91  (Fig  15b).  Likewise  the  change  to  5Hz  bears  a 
resemblance  to  the  effect  of  decreasing  Mach  number  to  0.89. 

At  Section  4E  an  interesting  feature  is  the  appearance  of  a  double  peak  in  R(X)  at 

oOHz . 

12  TUNNEL-TO-TUNNKL  COMPARISONS  OF  STEADY  LIFT 

Before  comparing  the  oscillatory  properties,  it  is  worth  briefly  examining  two 
general  indicators  of  interference , namely  the  variation  of  steady  lift  with  incidence  and 
the  position  of  the  aerodynamic  centre.  Fig  18  shows  the  local  lift  for  Sections  1  and  3 
obtained  by  integration  of  the  measured  steady  pressures.  The  Mach  number  0.9  has  been 
chosen  as  being  most  suitable  for  these  comparisons  because,  unlike  M  =  0.95  with  its 
strong  shock  wave,  the  integrations  are  reasonably  reliable.  Nevertheless,  even  for 
M  =  0.90  we  must  bear  in  mind  the  limited  accuracy  of  the  integration  procedure  with  only 
10  steady  pressure  positions  across  the  chord  at  each  surface.  Firstly  we  note  the  varia¬ 
tions  between  the  tunnels  of  the  incidence  for  zero  lift  and  that  the  difference  is 
greatest  for  the  two  largest  tunnels.  The  more  important  and  striking  feature  of  the 
comparisons  is  the  similarity  in  lift  slope  for  three  tunnels,  HST,  S2  and  3Ft  and  the 
much  lower  slope  obtained  in  the  1M  tunnel  in  its  usual  form.  However,  the  closed  side- 
wall  ( CSW )  modification  to  the  1M  tunnel  increases  the  lift  slope  and  brings  it  more  in 
line  with  that  for  the  other  tunnels. 

Fig  19  shows  the  local  pitching  moment  plotted  against  lift,  the  slopes  of  the  lines 
representing  the  chordwise  position  of  the  local  aerodynamic  centre.  Mean  slopes  have 
been  obtained  from  the  diagrams  to  give  the  local  values  of  lift  slope  and  aerodynamic 
centre  set  out  in  Table  5.  This  shows  that  the  1M  tunnel  in  its  usual  condition  differs 
from  the  other  tunnels  not  only  for  lift  slope  but  also  for  aerodynamic  centre,  both 
properties  being  brought  more  into  line  by  the  CSW  modification. 

A  reduction  in  the  porosity  of  the  roof  and  floor  of  the  S2  tunnel  from  its  usual 
value  is  seen  to  increase  the  lift  slope  by  a  few  percent.  Apart  from  this  small  effect, 
the  differences  in  lift  slope  and  aerodynamic  centre  for  the  three  tunnels,  the  HST,  3Ft 
and  32  (with  the  normal  value  of  the  porosity)  are  of  the  same  order  as  the  limited  accuracy 
of  the  integrations. 

The  lift  slopes  have  a  tendency  to  increase  with  increasing  incidence  -  a  fact  which 
appear;;  again  when  wu  consider  the  oscillatory  lift.  For  the  3Ft  tunnel  there  is  evidence 
of  a  kink  in  the  lift  curve  for  Section  3  between  a  -  2°  and  a  -  3°.  This  fact  will  also 
be  of  interest  when  the  oscillatory  lift  is  discussed. 

13  STEADY  FLOW  MATCHING 

If  the  basis  for  an  oscillatory  comparison  were  simply  the  same  tunnel  Mach  number 
and  the  same  model  incidence  there  could  be  a  difference  in  the  steady  flows  which,  from 
the  outset,  could  lead  to  differences  in  the  oscillatory  characteristics  as  found  in  the 
experiments  of  Bergh  and  Zwaan  .  The  purpose  of  matching  was  to  eliminate  as  far  as 
possible  such  differences  in  the  datum  flow  conditions.  Three  different  methods  were  used 
for  selecting  the  corresponding  settings  of  tunnel  Mach  number  and  incidence  in  the  differ¬ 
ent  tunnels  for  which  oscillatory  comparisons  were  made.  These  are: 

Same  tunnel  Mach  number  and  same  incidence. 

M  and  a  adjusted  to  give  same  ML  at  the  trailing  edge  and 
same  steady  local  lift  at  Section  3  from  integrated  steady 
pressures.  This  method  was  normally  used  for  non-lifting 
cases  and  ended  with  the  local  lift  being  close  to  zero 
value . 

This  was  the  technique  used  in  the  HST  for  lifting  cases  in 
attempts  to  reproduce  the  steady  pressure  distributions 
already  obtained  in  the  1M  and  3Ft  tunnels.  The  procedure 
was  to  adjust  M  and  a  until  the  best  match  of  the  extrados 
Mg  distribution  was  obtained.  In  some  cases  attention  was 
concentrated  on  the  forward  recompression , in  others 
emphasis  was  placed  on  the  rear  shock.  It  was  carried  out 
as  an  iterative  procedure  before  the  oscillatory  tests 
began;  it  usually  ended  in  a  somewhat  arbitrary  compromise. 

14  TDNNEL- TO- TUNNEL  OSCILLATORY  COMPARISONS 
14. 1  The  Cases  for  Comparison 

Within  the  general  ranges  of  parameters,  particular  Lunnel-to-tunnel  comparisons  were 
made  for  the  following  standard  cases: 


Nominal  comparison  (NC): 
Lift  match  ( LM) : 

Pressure  match  (PM): 


Non  lifting 

Lifting 

a 

M, 

Pt 

a 

M 

Pt 

=0 

0.60 

0.9  bar 

HO 

0.90 

0.6 

o.ao 

0.9 

ij° 

0.90 

0.6 

0.90 

0.6 

0.96 

0.46  or  0.6 

0.96 

0.6 

1.10 

0.6 

Kesults 

for  4011z 

oscillations  were  obtained 

in  every 

case , 

and  in  many 

results  were  also  obtained  for  6Hz  and  60Hz.  For  the  S2  and  1M  tunnels  the  comparisons 
include  the  effects  of  modifications  to  the  tunnel  walls. 

From  the  large  number  of  tunnel-to-tunnel  comparisons  produced  by  the  experiments 
only  a  limited  number  can  be  presented  here.  The  aim  is  firstly  to  demonstrate  the  agree¬ 
ment  between  the  two  large  tunnels;  then  to  identify  the  respective  areas  of  agreement 
and  disagreement  between,  on  the  one  hand,  one  large  tunnel  and,  on  the  other,  the  medium 
and  small  tunnels.  For  the  latter  purpose  it  is  most  convenient  to  use  the  HST  as  the 
sole  comparator. 

The  comparisons  will  be  mainly  concerned  with  the  shapes  of  the  chordwise  distribu¬ 
tions  of  oscillatory  pressure,  but  for  the  particular  test  Mach  numbers  M  =  0.60  and 
M  =  0.90,  consideration  will  also  be  given  to  certain  overall  chordal  characteristics 
as  represented  by  integrations  of  the  pressures.  The  restricted  number  of  comparisons 
presented  in  this  report  was  selected  after  a  consideration  of  practically  all  possible 
comparisons.  L'uring  the  general  examination  of  results  a  watch  was  kept  for  two  classes 
of  disagreement.  One  is  a  disagreement  in  K(X)  that  is  present  for  the  ‘jHz  quasi-steady 
oscillation,  and  therefore  traceable  to  differences  in  the  interference  on  steady  or 
quasi-steady  characteristics.  The  other  is  a  disagreement  in  an  essentially  unsteady 
characteristic,  such  as  a  difference  in  i(X)  or  a  difference  in  the  manner  in  which  K(X) 
varies  with  frequency. 

14.2  Porosity  Variation  in  S2 

In  the  S2  tunnel  comparative  tests  were  made  witli  maximum  and  minimum  values  of  Un¬ 
roof  and  floor  porosity.  Keference  has  already  been  made  to  the  small  differences  in  the 
steady  lift  slope  for  M  =  0.90.  Over  the  whole  range  of  Mach  number  and  incidence,  if  was 
found  that  the  change  of  porosity  had  only  a  small  effect  on  the  oscillatory  pressure 
distributions.  Two  examples  are  shown  in  Fig  20. 

The  62  results  used  in  the  tunnel-to-tunnel  comparisons  were  obtained  with  the 
normally  used  values  of  porosity  (see  Section  .5). 

14 . 3  Comparisons  Between  liST  and  02 

All  the  oscillatory  results  ob’ ained  in  the  02  tunnel  during  Phase  o  showed  good 
agreement  with  the  HST  in  regard  to  the  general  shapes  of  the  distributions.  Figs  21,  and 
22  show  a  selection  of  examples  obtained  for  nominal  comparisons.  Fig  21b  has  been  ohcr.cn 
to  refer  to  a  condition  in  which  the  developing  sonic  flow  loads  to  irregularities  which 
are  known  to  be  sensitive  to  parametric  conditions.  Fig  22  i-.  tV-rs  to  a  :.  tit.  i.-:.  -a 

the  local  steady  supersonic  flow  is  well  established  and  the  oscillatory  distribut ions 
have  settled  into  a  more  definite  pattern.  In  this  case,  there  is  remarkably  good  agree¬ 
ment  for  Section  2E,  but  some  disagreement  over  the  forward  part  of  the  chord  at  Section 
4ii,  which  indicates  that  the  forward  recompression  is  slightly  more  ahead  in  tile  2-2  tuunei. 

14 . 4  :omparison  of  HST,  1M  and  jFt  for  Non-lil’ting  Conditions 
M  -  0.00,  a  »  0 

No  results  are  shown  for  this  condition  for  which  there  was  reasonable  agree¬ 
ment  between  the  tunnels  except  for  scatter  close  to  the  leading  edge. 

M  -  0.60,  a  *  0 

Fig  23  shows  the  comparisons  for  Sections  21-1  and  4E  and  frequency  4011.-..  For 
the  1M  tunnel  the  main  point  of  disagreement  is  in  l(X)  over  file  forward  part  of  t  he 
chord,  the  crossing  point,  I(X)  -  0,  occurring  closer  to  the  leading  edge.  In  con¬ 
trast,  in  the  3Ft  tunnel  the  crossing  point  is  more  to  the  rear  and  in  this  tunnel 
another  disagreement  is  the  prominent  K  bulge  which  dees  not  occur  in  the  other 
tunnels  for  this  Mach  number;  this  feature  is  already  present  for  the  quasi -steady 
oscillation  but  worsens  with  increasing  frequency.  Although  the  steady  Mg  distribu¬ 
tions  (Fig  24)  show  small  differences  with  regard  to  irregularities  at.  Heel  ion  M\, 
they  offer  no  obvious  clues  to  the  reason  for  the  differences  in  H;  X )  in  the  M-’t 
tunnel . 


M  =  O.'K),  a  -  Q 

Fig  2'ja  shows  for  4011;:  and  Section  2 K  the  comparisons  for  the  1M  funnel.  For 
this  tunnel,  in  its  normal  condition,  the  main  differences  are  the  absence  of  a 
prominent  K  bulge  and  the  more  positive  1 ( X )  over  the  forward  half  of  the  chord. 
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However,  the  CSW  modification  reduces  these  differences  and  indeed  brings  1 (X)  IV 
very  close  agreement  witii  that  of  the  HST.  Fig  23 h  shows  tlie  comparisons  for  the 
3Ft  tunnel.  in  this  tunnel,  as  in  the  unmodified  IK,  i(.X)  is  more  positive  over 
the  forward  half  of  the  chord,  but  if  allowance  is  made  for  scatter  there  is  reas -en¬ 
able  agreement  witii  tlie  HUT  in  regal'd  to  K(X).  Fig  23c  shows  the  comparisons  for 
section  4E.  For  I(X)  there  are  large  differences  over  the  fore-chord  which,  rela¬ 
tive  to  the  HUT,  are  in  opposite  senses  for  the  iH  and  3Ft  tunnels.  Again  the 
difference  is  lessened  by  CSW. 

Fig  Jo  shows  comparisons  of  the  frequency  effects  in  the  •  ...n  ..  . 

... ri4.lv. t’.V"..v  tne  effects.  ■  f  1 :  .c  r«.  a .;  l:.g  fre  luehcy  ar-_  ti.e  same  in  all  three  tunnels  , 
producing  an  increase  in  the  bulge  at  mid-chord,  but  quantitatively  they  differ. 
Whereas  both  the  HST  and  the  3Ft  produce  a  large  fiequency  effect  on  H(X),  the 
effect  in  the  1M  is  much  less,  at  least  in  the  absence  of  the  CSW  modification. 

M  =  0.93,  a  -  0 

For  this  condition,  due  to  the  occurrence  of  sonic  velocities,  all  three 
tunnels  produce  oscillatory  distr ii. uticns  that  include  irregularities,  Fig  27. 

Because  of  the  sensitivity  Vo  small  changes,  it  is  of  interest  to  consider  both 
nominal  and  matched  comparisons.  For  both  a  nominal  (NC)  and  a  pressure  matched 
(PM)  comparison,  the  HST  produces  clear  evidence  of  a  shock  peak  in  R(X)  but  there 
is  no  similar  evidence  from  either  of  the  other  tunnels,  although  for  the  3Ft  the 
absence  could  easily  be  due  to  the  gaps  resulting  from  transducer  failures.  For 
the  1M,  although  there  is  the  possibility  that  a  very  sharp  peak  has  been  lost 
between  measuring  positions  (as  inferred  from  Fig  lba),  it  seems  much  more  likely 
that  no  peax  exists.  Indeed  the  Mp  distributions  (Fig  23)  for  Sections  IE  and  3E 
show  that  the  maximum  values  of  Mp  in  the  1M  tunnel  are  considerably  less  than 
those  in  tne  other  tunnels. 

M  =  1.10,  u  =  0 

The  oscillatory  pressures  for  Section  2E  are  shown  in  Fig  29,  the  upper  surface 
Mi  distributions  in  Fig  30.  All  three  tunnels  produce  irregulari ties  across  the 

'  chord  in  the  oscillatory  pressure  distributions  and  for  these  there  is  little  agree¬ 

ment.  However,  there  is  agreement  with  regard  to  the  general  shapes  of  the  distribu¬ 
tion,  apart  from  the  vicinity  of  the  trailing  edge.  Whereas  for  the  HST  it  seems 
likely  that  the  oscillatory  pressures  retain  a  non-zero  value  up  to  the  trailing- edge , 
from  both  the  1M  and  3Ft  tunnels  there  is  evidence  of  shock  peaks  ahead  of  the 
trailing  edges. 

14.3  Comparisons  between  HST  and  1M  for  Lifting  Conditions 
M  =  0,80,  a  *  4° 

Both  a  nominal  and  a  pressure-matched  comparison  are  presented.  Fig  31  shows 
the  oscillatory  distributions  for  Sections  2E  and  4E,  and  Fig  32  shows  the  Mp  dis¬ 
tribution  at  sections  adjacent  to  those  at  which  the  oscillatory  pressures  were 
measured.  It  will  be  seen  that  matching  significantly  improved  the  agreement  of  Mp, 
particularly  with  regard  to  the  strength  of  the  forward  recompression.  For  the 
oscillatory  distributions  it  produced  an  improvement  at  Section  4e,  but  worsened  the 
comparison  of  I(X)  at  Section  2E. 

M  =  0.90,  a=40 

For  this  case,  comparisons  extend  over  four  sets  of  results,  nominal  and 
matched  conditions  in  the  HST,  unmodified  and  CSW-modified  conditions  in  the  1M. 

Fig  33  shows  the  oscillatory,  and  Fig  34  the  Mp  distributions.  The  matching  process 
sought  to  achieve  agreement  with  the  unmodified  1M,  not  the  CSW  modification,  and 
greatest  attention  was  paid  to  the  strength  of  the  forward  recompression  at  Section 
3E;  this  resulted  in  the  subsequent  expansion  and  second  recompression  remaining  in 
disagreement.  However,  the  CSW  modification  brought  the  steady  flows  in  the  two 
tunnels  into  much  closer  agreement.  Fig  33  shows  that  the  combination  of  pressure 
matching  and  the  CSW  modification  did  indeed  bring  the  oscillatory  pressure  distri¬ 
butions  into  reasonably  good  agreement.  The  effect  of  a  change  of  frequency  on  the 
distributions  in  the  HST  for  this  particular  (M,  a)  condition  has  already  been  des¬ 
cribed,  Section  11.4,  Fig  17.  Qualitatively  the  effect  of  frequency  in  the  1M  tunnel 
was  similar.  That  is,  the  forward  peak  in  R(X)  was  reduced,  and  near  mid-span  R(X) 
increased  with  frequency. 

M  =  0.93,  a  -  3° 

The  oscillatory  pressures  are  shown  in  Fig  33,  the  upper  surface  Mp  distribu¬ 
tions  in  Fig  3b. 

For  a  nominal  comparison  there  is  a  large  difference  in  the  steepness  of  the 
recompression  behind  the  rear  shock,  and  to  achieve  a  reasonable  matching  it  was 
necessary  to  reduce  the  tunnel  Mach  number  in  the  HST  by  a  large  amount  (0.03).  The 
oscillatory  pressure  distributions  in  the  two  tunnels  have  the  same  general  form 
except  in  the  vicinity  of  the  rear  shock  peak  which  occurs  at  Section  2E.  A  broad 
conclusion  is  tnat  the  comparisons  are  improved  by  pressure  matching  although 
considerable  differences  remain  over  the  rear  of  the  chord.  There  might  have  been 
further  improvements  had  the  CSW  modification  been  tested  for  this  Mach  number. 


14. b  Comparisons  between  HST  am)  jPlTor  Lifting  Conditions 


For  both  the  standard  test  eases,  M  =  0.90,  a  =  4U  arid  M  =  0.99,  a  ~  t 
tunnel  produces  oscillatory  pressure  distributions  at  section  .K  that  are  i; 
greement  with  those  from  the  HST.  It  is  sufficient  to  describe  the  effects 
incidence  for  only  M  =  0.9.  Starting  from  a  low-lift  condition,  Figs  37  anc 
this  difference  develops  with  increasing  incidence.  For  u  =  1°,  h(X)  is  in 
merit,  but  for  higher  incidences  there  is  a  growing  divergence.  initially  as 
increased  in  both  tunnels,  the  forward  peaks  in  K(X)  and  1(X)  are  displaced 
for  a  >  3°  in  the  3Ft  the  peak  moves  forwards  to  the  leading  edge,  and  for  i 
butions  in  that  tunnel  resemble  those  for  a  non-lifting  condition.  For  Seel 
there  is  better  uualitative  agreement  about  the  general  Shaped  of  the  ui.'ii 


n  a  r  .J  s  ,  : . 
the  ai^ 


It  is  important  to  note  that  the  kind  of  differences  shown  in  Figs  37 
dependent  on  frequency.  Indeed,  the  tunnel-to-  tunnel  comparisons  of  h(X)  a 
for  all  three  frequencies,  9  11s,  h  OH  si  and  bOliz.  From  the  differences  occurri 
it  would  appear  that  there  must  be  a  large  difference  in  the  types  of  steady 
for  that  section.  The  steady  distributions  presented  in  Fig  3>  certainly 
flow  differences  between  the  two  tunnels  for  all  the  steady  measuring  lectio 
and  9E),  but  when  compared  with  Fig  34,  are  not  so  much  larger  than  tne  dil’f 
1M  tunnel  as  to  offer  a  clear  explanation  of  the  serious  dissimilarity  in  t h 
pressures  occurring  at  Section  2E.  Although  it  is  not  surprising,  in  view  o 
effects  of  model  incidence  and  large  model-to-tunnel  size  ratio  that  the  3Ft 
large  interference  effects,  it  is  not  understood  why  the  disagreement  found 
tory  pressures  at  Section  2E  is  much  greater  than  is  indicated  by  the  steady 
Sections  IE  and  3E.  It  seems  that  in  the  3Ft  tunnel,  the  steady  flow  at  Sec 
from  that  at  the  other  measurement  sections  by  being  critically  sensitive  to 
of  incidence,  and  that,  in  this  respect,  the  3Pt  differs  from  the  other  lunn 
sion  is  that  even  for  only  moderate  incidences,  the  3Ft  tunnel  shows  serious 
effects  by  dramatically  failing  to  reproduce  the  oscillatory  pressure  distri 
HST. 
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14.7  Comparison  of  Integrated  Chordal  Properties 


As  already  described  in  section  9,  the  routine  integration  procedure  yielded  values 
representing  tiie  local  complex  lift  and  moment  contributions  (ie  1',  L" ,  M' ,  M"),  for 
extrados  and  intrados  at  eacli  of  the  measurement  Sections  2  and  4.  The  significance  of  the 
components  of  moment  about  the  leading  edge  is  not  immediately  obvious,  and  for  this  reason 
another  set  of  quantities  has  been  derived  from  the  following  considerations.  The  classical 
form  of  the  real  pressure  distribution  H(X)  shows  that  it  can  readily  be  replaced  by  a  lift 
(ie  normal  force)  component  L'  acting  at  a  certain  chordwise  position  X'.  A  similar  replace¬ 
ment  for  the  imaginary  distribution,  1(X),  has  far  less  meaning  for,  in  its  classical  form, 
the  distribution  consists  of  positive  and  negative  contributions  which  may  be  nearly  equal; 
it  is  more  in  the  nature  of  a  couple.  For  this  reason  it  is  more  appropriate  to  replace  the 
distribution  I(X)  by  an  imaginary  moment  about  mid-chord,  ,  and  the  imaginary  lift  L" . 
Finally,  since  it  is  preferable  to  normalise  both  M"  and  L',Jby  L'we  arrive  at  the  following 
four  quantities:  u° 

I 

L  real  component  of  oscillatory  lift 

X'  =  m'/l',  chordwise  position  of  real  component 

e  =  tan'^CL'VL  ),  phase  angle  of  lift 

»  _  « 

m  =  Mq  ,  /L  ,  normalised  imaginary  component  of  moment  about  midchord 

It  is  noted  that  both  l'  and  x'  are  "steady-based"  because  they  have  significance  for  steady 
and  quasi-steady  conditions;  the  other  quantities  e  and  m"  are  essentially  unsteady 
properties . 

M  =  0.80  and  M  “  0.90  were  chosen  for  the  comparisons.  M  =  0.99  was  excluded  because 
the  presence  of  a  rear  shock  causes  large  irregularities  in  the  distribution  of  the  oscilla¬ 
tory  pressures  and  invalidates  the  simple  integration  procedure  adopted.  The  distributions 
for  M  =  0.80  and  0.90  were  less  troubled  in  this  respect.  For  all  cases, only  the  upper 
surface  contributions  are  compared  since  it  is  this  surface  that  undergoes  the  largest  and 
most  interesting  changes. 

Figs  40  and  41  are  for  M  -  0.80  and  show  each  of  the  chordal  properties  plotted  firstly 
against  frequency  for  a  -  0  and  then  against  incidence  for  f  -  40Hz.  Figs  42  and  4.3  show  in 
a  similar  manner  the  results  for  M  =  0.90.  The  only  points  included  for  the  S2  tunnel  are 
ttiose  for  40Hz,  but  the  agreement  between  this  tunnel  and  the  HST  is  sufficiently  good  for 
this  frequency  to  assume  that  the  agreement  extends  to  other  frequencies. 

We  firstly  consider  the  variations  with  frequency  (Figs  40  and  42).  After  making 
allowance  for  scatter,  it  appears  that  both  of  the  unsteady  quantities,  i  and  m"  vary 
approximately  linearly  with  frequency.  But  it  is  surprising  that  the  lines  do  not] a., 
through  the  origin;  the  vertical  offsets  for  f  =  0  are  indeed  consistent  with  the  anomalous, 
single-sign  pressure  phase  angles  for  the  911.:  oscillation  (see  Fig  10),  but  the  reason  for 
this  remains  obscure.  For  H  =  0.80  the  lift  and  its  phase  angle  in  the  5Fl  differ  markedly 
from  those  in  ail  the  other  tunnels;  surprisingly  the  agreement  is  better  for  M  =  0.)0.  In 
each  case,  the  chordal  comparisons  reflect  the  previous  comparisons  for  HI  X )  and  1(X).  For 


both  Mach  numbers, when  comparison  is  made  with  the  large  tunnels,  there  is  a  tendency  for 
m  to  be  numerically  larger  in  the  }Kt  ana  less  in  the  1M,  but  the  agreement  in  the  latter 
tunnel  is  improved  by  CUW.  For  M  =  u.  iU,  the  phase  angle  varies  only  slightly  with  fre¬ 
quency  and  the  centre  of  the  real  component  of  lift  tends  to  move  rearwards. 

The  variations  with  incidence  (Figs  yj  and  41)  show  other  aspects.  For  both  Mach 
numbers  an  increase  in  incidence  leads  to  an  important  increase  in  the  real  component  of 
lift.  For  M  =  O.au  there  is  reasonable  agreement  between  the  HUT,  11.'  ana  1M  (no  results 
for  a  >  0  are  available  from  the  3Ft ) .  For  M  =  O.yO  the  picture  is  different.  There  is 
still  close  agreement  between  the  HUT  and  UP,  indeed  it  is  assumed  that  the  differences 
wnien  do  exist  indicate  the  order  of  experimental  uncertainty  in  the  integrated  results. 

The  shaded  bands  have  been  drawn  as  an  average  and  better  representation  of  the  results  fr< 
the  large  tunnels.  For  the  large  tunnels,  ttie  salient  effects  of  increasing  incidence  are 
the  increase  in  L.'  ;  tne  reduction  in  c  (which  surprisingly  shows  more  sensitivity  to  inci¬ 
dence  than  to  frequency);  and  the  pronounced  rearward  displacement  of  tne  centre  of  real 
lift  at  Section  4E  for  a  >  3°. 

With  increasing  incidence,  firstly  the  3Ft  and,  later,  tne  1M  fail  to  reproduce  the 
increase  in  L  obtained  in  the  large  tunnels,  also  the  differences  in  tne  other  properties 
tend  to  worsen,  but  again  we  find  the  CSW  modification  goes  some  way  to  eliminating  these 
differences  for  the  XM  tunnel.  The  large  fluctuations  appearing  in  the  3Ft  results  are 
probably  associated  with  the  anomalous  behaviour  of  the  oscillatory  pressure  distributions 
when  incidence  is  increased  as  previously  described. 

The  variations  with  incidence  plotted  in  Figs  41  and  43  were  all  obtained  for  precise 
settings,  M  =  0.80  or  M  =  0.90  and  with  exact  values  of  incidence.  Other  results  are 
available  from  the  HUT  for  conditions  wnien  "match"  each  of  the  steady  flow  conditions  for 
ql  -  4°  in  the  1M  and  3Ft  tunnels;  botn  tne  nominal  and  matched  comparisons  are  plotted  at 
the  right-hand  sides  of  the  diagrams.  From  these  an  interesting  point  emerges.  Whereas 
steady  flow  matching  produced  significant  changes  in  the  steady-based  properties  L1  and  X1, 
and  indeed  improved  the  comparisons,  it  produced  only  small  changes,  and  no  significant 
improvements  in  the  unsteady  properties  represented  by  t  and  m  .  This  suggests  that  the 
unsteady  properties  are  less  sensitive  than  the  steady-based  properties  to  smali  changes  of 
M  and  a.  On  the  other  hand,  the  CSW  modification  in  the  1M  had  considerable  effects  on  both 
types  of  quantity. 

15  SUMMARY  OF  RESULTS 

15-1  Steady-flow  Matching 

Except  for  the  irregularities  very  close  to  the  leading  edge,  or  to  a  shoex  wave  when 
one  is  present,  the  oscillatory  pressure  distributions  for  non-lifting  cases  wc-re  not  sensi¬ 
tive  to  small  changes  of  incidence  or  Mach  number;  thus  steady-flow  matched  comparisons 
were  little  different  from  nominal  comparisons. 

For  lifting  cases,  a  nominal  comparison  produced  steady  flows  in  the  1M  and  3Ft  tunnels 
that  differed  from  the  flow  in  a  large  tunnel.  Some  improvements  in  the  agreement  between 
the  distributions  of  steady  pressure  could  usually  be  ootained  by  the  combined  adjustment  of 
Mach  number  and  incidence,  but  an  improvement  in  one  aspect  would  often  lead  to  a  worsening 
for  another.  Thus,  for  a  lifting  case  a  complete  steady  pressure  match  was  not  usually 
possible;  there  were  residual  differences  that  could  not  be  eliminated  by  any  further  adjust¬ 
ment  of  Mach  number  and  incidence. 

Nevertheless,  the  matching  procedure  usually  did  make  some  improvements  to  the  oscilla¬ 
tory  distributions,  and  there  is  some  evidence  to  suggest  that  the  improvements  were  greater 
for  the  steady-based  properties  than  for  the  unsteady  ones. 

15-2  S2  Tunnel 


Changing  the  wall  porosity  had  only  a  small  effect  on  the  steady  lift  at  high  angles 
of  incidence,  and  produced  no  significant  effects  on  the  shapes  of  the  oscillatory  pressure 
distributions.  When  results  obtained  in  the  S2  with  its  usual  wall  configuration  were 
compared  with  those  from  the  HST  the  agreements  were  generally  good. 

15-3  1M  Tunnel 

For  most  of  the  tests  in  this  tunnel  the  reflection  wall,  that  is  the  sidewall  at 
which  the  model  was  mounted,  was  perforated  like  each  of  the  other  boundaries  of  the  working 
section,  (see  Fig  2).  In  this  condition,  the  tunnel  gave  a  much  lower  steady  lift  curve 
slope  than  any  of  the  other  tunnels  and  there  were  significant  differences  in  the  oscilla¬ 
tory  characteristics,  including  lower  oscillatory  lift  and  differences  in  the  pressure  and 
lift  phase  angles.  Closing  the  perforations  at  the  model  wall  had  a  large  effect  on  both 
the  steady  and  the  oscillatory  properties,  and  generally  brought  the  results  more  into  line 
with  those  from  the  large  tunnels.  Measurements  in  the  empty  tunnel  showed  that  closing  the 
perforations  had  little  effect  on  the  thickness  of  the  sidewall  boundary  layer,  but  there  is 
some  doubt  as  to  the  relevance  of  these  empty  tunnel  measurements  to  the  circumstances  wheti 
the  model  is  in  place. 

15.4  3Ft  Tunnel 

Although  for  non-lifting  cases  this,  the  smallest  tunnel,  produced  oscillatory  pressure 
distributions  which,  in  some  cases,  were  in  reasonable  agreement  with  those  from  the  larger 
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tunnels,  it  Tailed  to  reproduce  correct  results  when  incidence  was  increased.  This  inter¬ 
ference  effect  appears  t lead  to  a  critical  change  in  the  type  of  steady  flow  at  the  upper 
surface  at  a  particular  spanwise  positi  on,  flection  .t.  Surprisingly,  in  view  of  this  dis¬ 
agreement,  the  steady  ioeal  lift  at  other  spanwise  locations  is  in  reasonable  agreement 
witn  that  obtained  in  the  larger  tunnels. 

1 ■ . a  Features  Appearing  in  the  Oscillatory  Pressure  bistributions 

Most  of  the  features  tnat  show  tunnel-to-tunnel  differences  are  connected  with  the 
approach  to,  or  the  deveaop.nient  of,  local  supersonic  flow.  They  are:  the  H-bulge,  its 
sensitivity  t.  frequency,  and  the  irregularities  in  both  bite  real  and  imaginary  distribu¬ 
tions  caused  by  sh"CK  waves.  both  the  H-bulge  and  the  peaks  associated  with  a  shock  are 
enhanced  by  an  increase  f  frv  puehoy  .  r".  r  instance  there  are  examples  where  no  shock  peak 

is  present  f  r  a  pvis  i -steady  osciiiati  n ,  tut  jt.e  appears  for  a  non-kero  frequency. 

The  H-t.ui.ge,  t. ready  recegt.i  seu  by  T  i  j  demati'-'  arid  originally  cot.sidered  to  be  a  p.re- 
curS'.r  t  j  a  s.n  a.  wave,  with  the  p  reset. t  muuel  at  kero  incidence  first  becomes  definite  it. 
the  i;JT  for  X  =  ...  I :.  all  the  tunnels  it  is  more  prominent  at  the  more  inboard  section. 

Although  the  e  r  -  i  nc  i  det.ce  >!■  distribut  ior.s  are  almost  the  same  it.  all  the  tunnels,  the 
cjuri--t.ce  of  the  t  .age  li  flora  from  t  unne  l  To  tunnel.  j\,r  frequencies  up  to  bOlls  it  is 
naraly  discern  tl  „e  it.  t.v-  ui.ni'.  difiej  .  .  on  the  other  hand,  it.  the  3  Ft  it  is  clearly  evi- 
uent  iTr  .M  =  .  ~  at.j  tan  ev-t.  n-  detected  for  X  -  O.t  ;  for  these  conditions  the  highest 

iocai  Mact.  t.un.Lers  aiv  f  Course  far  from  sot.ic.  If  thus  seems  that  the  phenomenon  cannot 
be  related  s-..e.y  T  1  cal  Mact.  t. umber  at  the  model  surface.  Fussibly  its  occurrence 

dep  ends  tin  re  i.  the  properties  f  ft,.-  Uee|er  flow  field  away  from  the  model  surface.  That 
is,  pet-naps  It  is  .ess  c..seuy  re.ated  f  t. ear-sot. ic  velocities  at  the  model  surface  and 
m  f'.-  t.  the  ti.gt.  tut  n  ’  ttecessar  i  iy  near-sot.ic)  velocities  away  from  t  tie  model,  and  to  the 
-hf.uehce  tt.e  tut. i. el  wa . .  s  nave  at.  ft. is  deep  et*  flow  field.  Titer,  the  more  'open'  boundaries 
f  the  IX  at.d  ft.'-  c.eser  proximity  f  -  fin  model  of  ttie  rwf  at.d  floor  of  the  3  Ft  might  Le¬ 
the  reas..t.  wt.y  these  fw  smaller  tui.tieis  nave  q.'posite  tendencies,  at  least  up  to  t  Otis ,  it. 
c  r.p  arisun  to  tt.e  larger  it. IT. 

Home  .  I'  '.he  at.  ve  ts-.-rvu’  i  d.s  a,  tt.e  H-balge  may  be  exp  lained  qualitatively  with  the 
simple  model  f  upstream  propagating  acoustic  waves  preset. ted  it.  reference  t .  The  speed 
wt.tcn  a  c  u.  *  . wav.'..,  emitte.:  fr.it:,  the  fraiiitig  edge,  prop  agate  towards  tile  leading 
■  lge  do  pet.  us  v-.-ry  .".  u  o  t .  *  he  amount  head  wit.u  tt.ey  encoutifer.  Tite  higher  The  local  Mact. 

number  the  "■  r-.  "'■■•j  if"  refarued  at.d,  beit.g  emitted  at  regular  intervals,  the  more  densely 
Ji  teed  they  tec  .  As  tt.e  spacing  .  f  the  waves  is  a  measure  for  the  magnitude  uf  the 
p  ressut-e  pet-  uftat  i  t.  gradient  ,  if  is  Clear  that  it.  these  regions  file  level  of  the  unsteady 
pressure  perturbations  is  increased.  Further,  in  fruit  of  such  a  region  file  retardation  of 
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idle  osc  i  i  .at  ;ry  ;  t’essut’e  at  tt.e  r  of  or  tne  floor  of  eacit  Tunnel  was  measured  with  a 
series  of  Transducers  it. stalled  it.  t  w.-oden  rail.  Tep'ending  ot.  tt.e  set.se  in  which  the  model 
was  mounted,  the  rail  was  attached  either  to  tin1  roof  or  to  file  floor  whichever  was  adjacent 
to  tiie  model  extrad.'S  pie  * upper  surface').  It;  the  IN  at.d  F.  tunnels  the  attachment  was 
directly  to  a  perforated  surface,  in  the  hi™  at.d  3Ff  tunnels  the  rail  was  attached  to  a 
convenient  slat.  The  plan  position  of  the  rail  with  respect  to  tie.  del  is  shown  in 

Fig  -eta.  Til'  small  aifferet.ee  between  the  position  in  tne  IX  tunnel  at.d  tna-  in  file  other 
f  unnels  is  not  regarded  as  imp  ortant  it.  the  int  ei-p-retat ion  of  the  results. 

Measurements  were  made  of  the  amp  litude  of  the  pressur-s  ■  r  t.T  its  t.  . 

fdc illation  and  these  were  normalised  in  the  same  manner  as  t  ho  model  pressures.  The  results 
for  tne  1M  and  HUT  wore  attained  on-line  with  The  equipment  used  for  analysing  the  model 
pressures,  those  for  the  3 Ft  and  were  obtained  from  taps,  recordings  using  other  analysis 
equipment.  It  is  therefore  possible  that  small  systematic  differences  may  be  i-resent  between 
file  results  using  the  two  methods. 

A  general  examination  of  the  results  for  various  test  oases  shows  that  the  pressure 
amplitudes  tend  to  increase,  but  only  slightly,  with  oscillation  frequency  and  to  become 
larger  when  the  model  is  Set  at  incidence.  (examples  of  tunnel-to-tunnel  comparisons  are 
given  in  Figs  44b  and  44c  which  show  distribut ions  of  the  normalised  pressure  amplitude 
(pw/pt  t)q)  along  the  rail.  If  is  noted  that  all  the  wall  pressures  are  small  in  comparison 
with  the  oscillatory  pressures  at  the  model.  After  making  allowat.ee  for  the  low  accuracy  of 
the  measurements,  the  main  conclusions  are  as  follows.  For  M  -  O.nu  pKig  44b)  the  ampli¬ 
tudes  for  the  two  large  tunnels  are  in  reasonable  agreement  and  are  small  when  compared  wilt, 
those  occurring  in  the  smallest  tunnel,  the  5Ft .  Intermediate  values  are  ottained  from  The 
1M  tunnel.  In  relation  to  the  distances  between  the  rail  and  the  model  the  pressure  ampli¬ 
tudes  irt  the  different  tunnels  are  correctly  ordered,  although  the  shape  of  the  distribution 
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iii  the  3Ft  is  different  from  that  in  the  other  tunnels.  For  this  Mach  number  closing  the 
perforations  at  the  side  wall  of  the  1M  tunnel,  the  CNW  modification  has  negligible  effect, 
both  for  the  case  shown,  u  -  0  and  for  a  =  4°. 

For  M  =  O.yO  (Fig  44c),  the  normalised  pressures  are  larger  than  for  M  -  O.tO,  but  the 
ir. crease  is  reasonably  consistent  witti  the  increase  with  M  of  tne  normalised  pressures  at 
the  model.  For  this  higher  Mach  number  (M  =  U.JO),  there  is  a  general  similarity  between 
the  snapes  of  the  distribution  along  the  raii  in  the  different  tunnels.  It  is  interesting 
to  note  tnat  for  this  Mach  number  the  CoW  modification  has  a  large  effect  which  is  Consis¬ 
tent  with  the  effect  it  has  on  the  model  pressures  and  forces.  it  is  also  of  interest  to 
note  that  the  results  for  the  unmodified  1M  tunnel  are  nearly  the  same  as  those  for  the  two 
large  tunnels.  It  is  clear  that  a  change  in  the  ventilation  of  the  side  wall  has  a  large 
effect  on  the  genei  ~  pressure  field. 

GENERAL  LUCUSSION  AND  CONCLUSIONS 

The  investigation  was  aimed  at  providing  experience  of  tunnel  interference  effects  on 
unsteady  oscillatory  characteristics.  In  considering  the  results  from  the  different  tunnels 
it  is  assumed  that  any  differences  that  eanri~t  accounted  for  by  an  excessive  sensitivity 
to  parametric  settings  are  due  to  differences  in  tunnel  interferei.ee.  Common  to  all  the 
comparisons  was  the  half-model  technique  in  which  one  side  wall  of  the  tunnel  is  required  t., 
act  as  a  reflection  plane.  Whilst  the  present  results  cannot  provide  direct  information 
about  the  ability  of  a  half-model  to  represent  correctly  a  complete  tip-to-tip  configuration , 
attention  is  drawn  to  this  question  by  the  effects  of  changes  made  to  the  side-wall  ventila¬ 
tion  iri  one  of  the  tunnels. 

Absence  of  serious  interference  effects  in  the  two  large  tunnels 

When  comparing  tne  results  from  the  H3T  and  S2  tunnel  it  must  be  remembered  that  an 
agreement  between  two  tunnels  is  not  unambiguous  evidence  of  an  absence  of  interference;  it 
could  mean  that  both  tunnels  were  affected  but  to  the  same  extent.  However,  the  good  general 
agreement  between  these  two  large  tunnels,  coupled  with  their  different  forms  of  roof  and 
floor  ventilation  and  with  the  inset. sitivity  to  changes  of  ,orosity  made  in  one  of  them, 
points  strongly  to  the  conclusion  that  for  the  NORA  model  neither  of  these  tunnels  produced 
large  interference  effects.  This  gives  confidence  for  future  testing  with  that  ratio  of 
modei-to-tunnel  sice. 

Interference  effects  in  the  two  smaller  tunnels 


Each  of  the  two  smaller  tunnels,  the  1M  and  3Ft,  under  some  conditions  gave  results 
tnat  differed  from  the  larger  tunnels.  It  is  reasonable  to  assume  that  these  differences 
were  caused  by  interference  either  due  to  the  tunnel  being  too  small  or  due  to  unsuitable 
wall  ventilation.  For  both  tunnels  the  worst  interference  effects  on  the  oscillatory 
pressure  distributions  occurred  when  the  local  flow  at  the  model  was  transonic  or  when  the 
model  was  at  incidence  and  developing  steady  lift.  For  non-lifting  conditions,  that  were 
either  completely  subsonic  or  completely  supersonic,  the  interference  effects  on  the  distri¬ 
butions  were  sometimes  small. 

Most  of  the  results  from  the  1M  tunnel  were  obtained  with  much  of  the  reflection  wall 
remaining  perforated.  For  these,  it  is  not  possible  to  relate  the  respective  interference 
effects  in  this  tunnel  and  those  in  the  3Ft  tunnel  simply  to  the  sizes  of  the  two  working 
sections.  For  instance,  for  the  particular  Mach  number  examined,  the  slope  of  the  steady 
lift  curve  measured  in  the  smaller  tunnels  when  compared  with  the  larger  tunnels  was  too 
low  for  the  1M  tunnel  but  in  excellent  agreement  for  the  3Ft  tunnel;  yet  the  working  section 
area  of  the  1M  is  approximately  1.7  times  that  of  the  3Ft . 

Closing  the  perforations  at  the  side  wall  in  the  1M  tunnel,  the  CSW  modification, 
brought  the  steady  lift  slope  much  closer  to  the  large  tunnels  and  improved  also  the  agree¬ 
ment  for  the  oscillatory  characteristics,  but  only  a  few  results  were  obtained  with  this 
modification.  If  the  CSW  modification  had  been  used  for  all  the  tests  in  the  1M  tunnel  it 
is  probable  that  the  agreement  with  the  larger  tunnels  would  have  been  generally  improved*. 

In  spite  of  the  good  agreement  between  the  steady  lift  slope  in  the  3Ft  and  that 
obtained  in  the  large  tunnels,  interference  caused  serious  effects  on  the  oscillatory 
pressure  distributions  when  incidence  was  increased  away  from  the  condition  for  zero-lift. 

It  is  concluded  that  the  tunnel-to-model  size  ratio  for  the  3Ft  was  too  small. 

Effects  due  to  interference  differences  in  the  mean  steady  flow.  Steady  flow  matching 

The  experiments  have  provided  abundant  evidence  that  the  oscillatory  pressure  distri¬ 
butions  can  be  highly  dependent  on  the  steady  flow  over  the  model.  Thus,  interference 
causing  tunnel-to-tunnel  differences  in  the  steady  pressure  distributions  is  naturally 
likely  to  lead  to  differences  in  the  oscillatory  characteristics.  Broadly  speaking  it  was 
found  that  the  greater  the  differences  in  the  steady  pressure  distributions,  the  greater  were 
the  differences  in  the  oscillatory  distributions. 


•It  has  been  known  for  some  time  that  the  1M  tunnel  is  too  open  for  interference  free 
testing.  To  overcome  this  problem  the  tunnel  is  presently  being  equipped  with  a  slotted 
test  section  with  an  open  area  ratio  of  about  3$. 
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Attempts  to  eliminate  tunnel-to-tunnei  differences  in  steady  flow  by  adjustment  ol' 
tunnel  Mach  number  and  model  incidence  in  one  tunnel  relative  to  the  nettings  in  another, 
were  not  generally  successful,  except  for  zero  lift  conditions  under  completely  subsonic 
conditions.  Nevertheless,  by  this  means  it  was  sometimes  possible  to  reduce  the  steady 
differences,  for  example  those  relating  to  the  position  or  strength  of  a  shock  wave,  and 
when  this  was  done  tile  oscillatory  characteristics  also  were  usually  in  better  agreement. 

Unsteady  interference  U 

No  example  was  encountered  where  an  interference  effect  on  an  unsteady  quantity  was  I 

not  accompanied  by  differences  detectable  under  steady  conditions.  Thus ,  even  wnen  it  was  | 

possible  to  obtain  a  match  of  the  mean  steady  flows  (for  instance  at  inciu... j-.  ;  ,  i  f  ] 

tui.nel-to-tur.nel  differences  occurred  in  tile  oscillatory  pressure  distributions  ihr 
-i.T.j  frequencies  they  were  accompanied  by  differences  for  quasi-steady  changes .  however, 
examples  were  found  where  tile  differences  became  greater  as  frequency  increased;  these  were 
usually  associated  with  the  approach  to  sonic  local  flow  or  with  the  presence  of  shock 
W  vi  Vt*i)  . 

Type  and  amount  of  wall  ventilation 

Ttie  differences  between  the  results  from  a  large  tunnel  and  those  from  the  IK  with  G 

p  erfsrations  at  the  reflection  wall  are  likely  to  be  due  to  the  inability  of  a  vei.t  iiv, •  j  y 

wal*  to  act  as  on  adequate  reflection  plane.  but  regarded  more  generally,  the  effects  I 

using  the  side-wall  pei'forations  draws  attention  to  the  role  played  by  the  type  and  1 

amount  of  wail  ventilation  in  reducing  tunnel  interference  -  a  role  which  doubtless  bee  :v  fj 

mere  crucial  as  model-to-tunnei  size  x’atio  increases. 

Kedel-t  .'-tunnel  size  ratios  required  to  avoid  large  interference  effects 

Whilst  the  present  results  cannot  themselves  produce  any  gei.erai  I'uleS  about  acceji- 
at  ie  model  sis.e,  they  add  considerably  tc  tne  general  experience  on  Which  judgements  . 

be  made  in  practice.  On  tne  whole,  they  tend  to  confirm  conventional  practice.  Tn- y 
suggest  that  for  a  model  of  the  NOKA  type  and  sis.e,  a  tunnel  having  a  working  section  ..T 
about  Ira-  would  be  marginally  suitable.  However  for  a  tunnel  of  this  sice  it  is  imp.:  rt  ant 
tnut  the  walls  have  appropriate  ventilati.  characteristics . 

Oscillatory  measurements  in  transonic  flow 

The  sensitivity  of  the  oscillatory  pressures  to  small  parametric  changes  ana  tne  H 

irregularities  that  were  found  in  some  of  the  chordwise  distributions  have  general  imp  lisa-  I 
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TABLE  4 

Values  of  frequency  parameter,  2nfc/V 


M 

f  =  6Hz 

40Hz 

60Hz 

0.60 

0.07 

0.56 

0.83 

0.80 

0.06 

0.43 

0.64 

0.90 

0.06 

0.39 

0.68 

0.96 

0.06 

0.37 

0.66 

1.10 

0.04 

0.33 

0.49 

TABLE  -3 

Lift-curve  slope  and  aerodynamic  centre,  M  =  O.jO 
(Mean  values  for  the  incidence  range  from  0  to  3U  greater  than  sero-lift  angle) 
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*Tho  lift  elopes  shown  above  have  beet,  normalised  by  the  value  at 
Section  1  in  the  HST,  for  which  the  local  dc^/da  -  S.9n  rad'l 
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DFVLR  1M  Gottingen 
1000 


Roof  &  Floor  :  slotted  14%  open 
Side  walls  :  solid 


ONERA  S2  Modane 

1750 


1770 


Roof  &  Floor :  perforated  1%  to  6%  open 
Side  walls  :  solid 


Roof  &  Floor  :  perforated  6%  open 
Side  walls  perforated  6%  open 


NLR  HST  Amsterdam 


2000 


1600 


Roof  &  Floor  :  slotted  12%  open 
Side  walls  :  solid 


Fig  1 


Tunnel  working  sections  with  NORA  model  (dimensions  in  mm). 


Mounting  arrangement  in  1M  tunnel  showing  root  chord  ol  model  in 
relation  to  the  perforated  wall. 


Fig  J 


NORA  model  and  rotary  oscillator  (dimensions  in  mm). 


Fig  4b  Transportable  measuring  package. 
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Section  21 


Oscillatory  pressures.  Sensitivity  to  small  changes  of  incidence  and 
Mach  number.  M  0.90,  n  4°.  Section  2K ,  40Hz,  11ST . 


2  2 


,*■* : 


1 


Fig  J4  l.ocal  Mach  numbers  at  upper  surface.  Comparison  of  1M  and  list'. 
M  -  0.90,  a  -  V. 


Osrill.itorv  pressures.  Comparison  ol  1M  and  HST . 
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